Purpose-For patients receiving liver stereotactic body radiotherapy (SBRT), abdominal compression can reduce organ motion, and daily image guidance can reduce setup error. The reproducibility of liver shape under compression may impact treatment delivery accuracy. The purpose of this study was to measure the interfractional variability in liver shape under compression, after best-fit rigid liver-to-liver registration from kilovoltage (kV) cone beam computed tomography (CBCT) scans to planning computed tomography (CT) scans and its impact on gross tumor volume (GTV) position.
INTRODUCTION
The use of stereotactic body radiotherapy (SBRT) to treat unresectable primary and metastatic liver cancers has shown high rates of local control (1) (2) (3) (4) (5) (6) . Safe delivery of SBRT is ensured by use of image-guided treatment (IGRT) strategies, reproducible patient immobilization, accurate treatment delivery and planning correlations, pretreatment quality assurance, and methods accounting for tumor/organ motion during treatment. A major challenge in achieving safe, accurate liver radiotherapy is defining and limiting respiratory liver motion during treatment. Liver motion occurs primarily in the superior-inferior (SI) direction in the range of 5 to 50 mm (7, 8) . If not minimized or properly accounted for, motion of this magnitude could lead to adverse radiotherapy planning and delivery effects including the introduction of artifacts on planning computed tomography (CT) scans, inaccurate tumor volumes (9) (10) (11) , altered dosimetry from use of a static plan (9) , an increased volume of normal tissue irradiated (4), the requirement of increased planning target volume margins (12) , and greater risk of toxicity.
Methods used to manage and account for respiratory motion include abdominal compression (AC), active breathing coordination (ABC), and respiratory gating (9, (13) (14) (15) (16) (17) (18) . Abdominal compression is a widely reported method used in lung and liver SBRT, and it primarily uses a constant force applied to the abdomen to reduce diaphragmatic motion, which is verified by fluoroscopy (16, 19, 20) . Heinzerling et al. (21) and Wunderink et al. (22) have reported the reproducibility of respiratory liver and tumor excursion under AC using fourdimensional computed tomography (4DCT) and fluoroscopy. Heinzerling et al. evaluated the effect of varying levels of compression on liver motion using 4DCT and determined that high levels of compression improved motion control over medium levels of compression. With gold fiducial markers implanted in healthy liver tissue surrounding the tumor, Wunderink et al. determined that AC effectively reduced liver tumor motion, yielding small, reproducible excursions in three dimensions. von Siebenthal et al. (23, 24) showed that local liver deformations in free-breathing (FB) patients varied depending on location within the liver. The effect of local deformations may be exaggerated or minimized when using AC and the diaphragm as a surrogate for liver motion. To date, no one has reported on the interfraction variability of liver shape and its impact on tumor position during liver SBRT under AC.
The purpose of this study was to measure the residual interfraction variability in liver shape in patients treated with liver SBRT under AC after the elimination of residual positional errors by use of deformable registration for kilovoltage (kV) cone beam computed tomography (CBCT) scans registered to planning CT scans and its impact on gross tumor volume (GTV) position.
METHODS AND MATERIALS
The first 16 patients (Table 1) All patients evaluated were ineligible for assisted breath hold but showed reduced respiratory liver motion under AC when compared with FB during screening at the time of treatment planning.
Motion assessment
At the time of treatment planning, FB respiratory liver motion was measured by use of anterior-posterior (AP) fluoroscopy as well as cine-magnetic resonance imaging (MRI) and 4DCT whenever feasible. For all patients with more than 5 mm of SI motion, motion management strategies were investigated including ABC and AC.
All patients included in this analysis had greater than 5 mm of FB respiratory motion and were deemed unsuitable for breath-hold radiotherapy because of an inability to repeatedly hold their breath for 15 seconds or more, communication concerns, or unstable breath holds. Patient ABC screening and motion management determination are described elsewhere (17, 25, 26) . For all patients evaluated, AC reduced liver motion when compared with uninhibited FB.
Abdominal compression
Abdominal compression was applied to each patient, by use of one of three systems. Before the acquisition of a commercially available stereotactic body frame (Elekta, Crawley, UK), a foam cushion and patient safety strap were used to apply AC (n = 2). Subsequently, a commercial system was used in a limited number of patients (n = 2), until a lightweight, easily maneuverable in-house, indexable system was developed and used for the remainder of patients (n = 12). Abdominal compression was applied until maximum tolerability was reached as indicated by the patient. Abdominal compression was not used in patients with colostomy or known risk of thrombosis. Asymmetric planning target volume margins using exhale imaging for the baseline liver position were applied for all patients based on the motion seen at treatment planning.
CT simulation
For target delineation, CT simulation was performed with intravenous (IV) contrast (Visipaque 270, Amersham Health, Princeton, NJ) delivered at 3 to 5 mL/s, for a volume of 2 mL/kg up to a maximum of 150 mL, under AC in voluntary exhale breath holds followed by 4DCT for motion evaluation. Images were acquired from 2 to 3 cm superior to the exhale liver to the bony pelvis, and were reconstructed at 2.5 mm.
Cone beam CT imaging
Daily IGRT using orthogonal kV imaging with or without kVCBCT was performed on a CBCT scan-enabled linear accelerator. Fluoroscopic projections were acquired immediately prior to treatment to confirm respiratory motion magnitude under AC, followed by a combination of orthogonal images and volumetric CBCT using extra sampling for offline 4DCT generation. Offline evaluation was performed on CBCT scans reconstructed to generate 10 phase respiratory sorted CBCT scans by use of MATLAB (The MathWorks, Natick, MA), as described by Sonke et al. (27) .
Registration and segmentations
For each available CBCT scan, the exhale-sorted CBCT scan was exported to the treatment planning system (Pinnacle, version 7.6; Philips Medical Systems, Andover, MA), where manual rigid liver-to-liver registrations to planning CT scans (exhale) were performed, eliminating rigid residual liver position offsets. This method of best-fit liver-to-liver registration was previously described by Hawkins et al. (28) and Brock et al. (29) . After registration, using the Pinnacle segmentation tools, CBCT livers were contoured by a single observer (C.L.E.), initially copying the liver contour from the planning CT scan and then manually morphing it regionally to fit the liver to each CBCT scan to reduce recontouring errors. A 100% match with the planning CT liver was assumed wherever the liver was not well visualized on CBCT. Intraobserver contouring variability was determined by generating three repeat contours on a single CBCT liver scan for three patients. Once the liver contours were complete, they were exported from the treatment planning system to MORFEUS.
Deformable registration-MORFEUS
Evaluation of spatial differences between CBCT and planning CT was done by use of in house-developed finite element model-based deformable registration (MORFEUS) (29) (30) (31) (32) . MORFEUS is a biomechanical model-based deformable registration tool that uses guided surface projection of organ contours combined with biomechanical properties of tissues as opposed to intensity values to drive registration. This is beneficial for the application of CT to CBCT registration of the liver, given the lack of soft-tissue contrast, including visibility of the tumor, on the CBCT image. The algorithm, which has been previously validated in a series of liver patients to achieve an accuracy of less than 2 mm in each direction, can therefore be used to map the tumor, defined on CT, onto the CBCT image.
To perform the deformable registrations, contoured livers were exported from the treatment planning system as binary masks that were converted into a tri-element surface mesh. A patient reference model was created from the CT planning image and then deformed into each successive representation of the patient. The deformation was performed using guided surface projection (HyperMesh; Altair Engineering, Troy, MI) of the surface of the reference mesh onto a surface generated from each CBCT liver. These displacements served as boundary conditions for the model. The displacement of the interior volume of the liver, including the motion of the tumor, was then solved using linear-elastic, small-deformation, finite element analysis (ABAQUS v6.8; D S Simulia, Providence, RI) (30) . After the differences in patient position were resolved and a geometrically resolved view of the patient was created, a three-dimensional volumetric comparison of the liver and tumor representation on each image was performed (33) .
Liver deformation
An evaluation of interfraction spatial differences of the liver surface was performed using MORFEUS to determine whether the liver shape was reproducible as a whole and whether there were trends in liver shape variability from day to day. The analysis included displacements taken over the population of nodes within the whole liver and each of eight geometric quadrants divided from the liver center of mass (COM), reported as standard deviation, maximum, and minimum for each patient. The quadrants were identified as superior-posterior right, superior-posterior left, superior-anterior-right, superior-anteriorleft, inferior-posterior-right, inferior-posterior-left, inferior-anterior-right, inferiorposterior-right, and inferior-anterior-left.
GTV displacement
The GTV was delineated by an experienced radiation oncologist (L.A.D.) on contrastenhanced planning CT scans. Using MORFEUS, a COM displacement of each GTV was determined for each available CBCT scan, based on the liver deformation after rigid liverto-liver registration. A limitation of CBCT liver tumor position evaluation is the inability to visualize the tumor on CBCT. To overcome this, tumor motion was predicted by use of a COM displacement after deformable registration of the liver at each fraction (29) .
RESULTS
We evaluated 83 CBCT scans from 16 patients with 30 GTVs (mean of 5 CBCT scans per patient; range, 1-6). The mean FB liver motion determined on fluoroscopy at treatment planning was 22 mm (range, 12-40 mm). On average, AC reduced SI motion by 11 mm (range, 4-28 mm), resulting in mean compressed liver motion due to respiration of 11 mm (range, 5-20 mm). Figure 1 shows interfraction liver changes for Patient 5, for three fractions, with the per-fraction CBCT liver contour (white) and planning CT liver contour (black).
Contour reproducibility
Three repeat liver contours were drawn on a single CBCT scan for each of three patients to determine the mean intraobserver contouring variability of 1.9 mm (SD, 0.7), 2.6 mm (SD, 0.6), 1.7 mm (SD, 0.3), and 3.4 mm (SD, 0.8) in the LR, AP, SI, and vector directions, respectively, for 95% of the liver surface.
Liver deformations
Residual liver deformations at treatment were determined after rigid alignment of the CBCT liver to the planning CT liver. Table 2 summarizes the residual CBCT liver deformations compared with the planning CT liver for all patients, in each of the left-right (LR), AP, and SI directions, as well as the percent liver volume deforming by greater than 5 mm. The mean, maximum, minimum, and median interfraction changes in liver shape after rigid liverto-liver registrations are shown in Table 3 . Table 3 also shows the interfraction GTV COM displacements predicted by the interfraction liver shape changes. For all patients, the absolute 95% liver maximum deformations in the LR, AP, and SI directions were 10.5 mm (SD, 2.2), 12.9 mm (SD, 3.6), and 5.6 mm (SD, 2.7), respectively. The maximum magnitude of change was seen in one outlier (Patient 4) who had consistently larger deformations than the others, with absolute 95% liver offsets of 10.5 mm (SD, 3.9), 12.9 mm (SD, 6.2), and 5.6 mm (SD, 2.0) in the LR, AP, and SI directions, respectively. The mean percent liver volume deforming by greater than 5 mm after rigid liver-to-liver registration in all patients was 8.7%, and it was 4.0% when the outlier was excluded ( Table 2 ). Figure 2 is a deformation volume histogram generated by finding the maximum displacement over all patients and then setting the bin size to 0.25 mm. The deformation volume for each patient and each fraction was then determined, followed by the mean and standard deviation over all of those. Figure 2 is consistent with Table 2 , which shows that the percent liver volume deformation (vector magnitude) greater than 3 mm is small in all patients.
When we evaluated liver deformations by quadrants (Fig. 3) , over all patients and all fractions showed that the largest mean displacement occurred in the superior-anterior-right quadrant and the largest maximum displacement in the superior-anterior-left quadrant. However, the quadrant with the greatest frequency of per-patient, per-fraction largest mean displacements was the inferior-anterior-left quadrant (22 of 83 fractions). This portion of the liver is likely under the compression plate and/or adjacent to the stomach (Fig. 4) . The quadrant with the next most frequent maximum variability was the superior-anterior-left quadrant (16 of 83 fractions), in the region of the liver sitting just above the stomach, suggesting that stomach filling reproducibility may affect the liver shape from day to day. Table 4 summarizes the population mean, maximum, and minimum per-quadrant residual liver deformations after rigid liver-to-liver registrations.
GTV displacement
The impact of liver deformation on GTV position after rigid liver-to-liver registration was predicted by use of the COM displacement of the GTV from the planning CT scan, based on liver deformations. The maximum changes in tumor COM were small (≤5 mm) in 15 of 16 patients, in all directions, with mean displacements of 1.4 mm (SD, 2.2), 2.1 mm (SD, 2.9), and 1.0 mm (SD, 1.1) in the LR, AP, and SI directions, respectively. In addition to consistently larger liver deformations, Patient 4 showed larger mean tumor COM displacements of 4.9 mm (SD, 3.4), 6.8 mm (SD, 4.8), and 1.7 mm (SD, 1.7) in the LR, AP, and SI directions, respectively. Table 3 shows the predicted tumor displacements after rigid liver-to-liver registrations for all patients. Figure 4 shows a single patient's deformable registration results and resultant GTV COM displacement for a single fraction. The color bars indicate the magnitude of displacement (in millimeters).
DISCUSSION
The benefits of AC in minimizing respiratory motion for SBRT have been described (18, 22, 34, 35) . The interfraction and intrafraction variability of respiratory liver motion in the SI direction is small (<2 mm) in most patients, as shown by Case (36) , in 29 patients treated with (n = 14) and without (n = 15) AC, and Wunderink et al. (22) evaluated 12 subjects with varying levels of AC. These results are comparable to the reproducibility of exhale breath-held liver position (17, 21, 22, 37) . The current work shows that residual interfraction deformations in liver shape are also small, suggesting that there is little variability in liver shape under AC from day to day. However, the magnitude and frequency of residual deformations after liver-to-liver registration were difficult to predict, with the largest magnitude of deformation occurring in the superior-anterior quadrants and the greatest frequency of deformations occurring in the inferior-anterior-left quadrant. This is not unlike work by von Siebenthal et al. (23, 24) , who found the largest magnitude of respiratory liver motion of the right lobe of the liver in the superior region and the inferioranterior portion of the liver showing the largest drift in the superior direction.
Online daily IGRT was performed for all patients correcting for rigid translations. Though not accounting for rotations and deformations, therapist-led image guidance may enhance accurate liver positioning. Despite the small deformations for most patients, for which rigid image guidance will suffice, larger deformations, like those for the outlier, cannot be compensated for.
The magnitude of residual changes in liver deformation and predicted liver tumor COM displacements after rigid liver-to-liver registrations under AC is similar to interfraction changes in patients with ABC breath hold. Hawkins et al. (28) reported a mean deformation magnitude of 1.8, 2.0, and 2.3 mm in 95% of the liver volume in the LR, AP, and SI directions, respectively, and a mean percent volume deformation greater than 5 mm of 2.9%, which are not significantly different from our findings (Tables 2 and 3) . By use of a paired t test, liver deformations between the two populations resulted in p values of 0.1367, 0.1328, and 0.6248 in the LR, AP, and SI directions, respectively. Interestingly, this work showed the largest liver deformation and GTV displacement in the AP direction, whereas the work by Hawkins et al. showed the largest deformation for the patients in the SI direction. These results are consistent with work currently in press by this group evaluating liver tumor motion with and without AC by use of cine-MRI (38) , which found that AP motion actually increased under AC in a minority of patients. This is the first study using deformable registration to assess the change in liver shape and predicted GTV COM displacements over a course of treatment, comparing exhale respiratory sorted CBCT scans with exhale planning CT scans. A strength of the study is the number of patients (n = 16) evaluated at multiple fractions over the course of radiotherapy. In SBRT, where the dose delivered per fraction is high and the dose gradient steep, even small geometric errors in a single fraction can be dosimetrically relevant (26, (39) (40) (41) . The clinical consequence of such geometric offsets is the subject of ongoing research.
The method used to predict tumor motion using a COM displacement has been validated (30) and shown to have an accuracy of less than 2.0 mm (29, 32) , serving as a good predictor of tumor displacement in the absence of actual tumor visualization at the time of treatment delivery. F tests comparing the standard deviations for predicted tumor COM displacement in the exhale livers under AC from this cohort with the results of Brock et al. (29) in patients undergoing ABC breath-held radiotherapy showed no significant differences (p = 0.404 for LR, p = 0.303 for AP, and p = 0.059 for SI).
Using MRI, von Siebenthal et al. (42) reported that deformations of the liver due to respiratory motion, without AC, varied depending on the liver segment evaluated. Using "simple" geometric liver quadrants, our work indicated variability in liver quadrant deformations after rigid liver-to-liver registrations that may have been influenced by factors other than the compression plate (e.g., stomach filling) based on the location of the most frequent deformations. We were unable to predict intrapatient and interpatient interfractional maximum displacements. Although factors such as stomach filling were not considered within the scope of this project, further investigations into the effects of stomach filling and its reproducibility are warranted. Work by Brock and colleagues (43) (44) (45) investigating accumulated dose to the target and surrounding normal tissues is currently ongoing.
Limitations of this work included the inability to clearly visualize or segment the tip of the left lobe and other organs at risk in some cases. As such, only liver contours were generated from the respiratory correlated CBCT scans. However, a strength of this work is that all registrations were biased to the region of the liver where the tumor(s) were located. This ensures that the reproducibility of liver positioning and shape in regions distal to the tumor has less consequence on the accuracy of treatment delivery and dosimetric impacts on treatment delivery. Using this strategy may account for local deformations that limit the use of whole-liver IGRT.
CONCLUSIONS
Liver deformations under AC were small in most patients. However, one patient had substantial deformation under AC, resulting in significant changes in GTV position, warranting efforts to ensure reproducibility and quality assurance of AC at the time of therapy. Offline deformable volumetric IGRT can be used to confirm the magnitude of deformation for patients undergoing liver SBRT. In the absence of real-time online deformable image registration tools, rigid translational registrations are adequate for treatment practice in most patients. Performing a rigid liver-to-liver alignment (by use of the contours generated from the planning scan overlaid onto the CBCT scan) can provide a quick and qualitative method of assessing residual deformation. Example of changes in liver shape due to compression plate positioning and stomach filling in a single patient. Top, Planning computed tomography (CT) scan with liver contour (black). Bottom, Cone beam computed tomography (CBCT) scan from Fractions 1, 5, and 6, with liver contours from planning CT (black) and CBCT (white). 
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Abbreviations: GTV = gross tumor volume; HCC = hepatobiliary carcinoma; Cholangio = cholangiocarcinoma; Mets = metastatic liver disease. Per-patient mean deformation of 95% liver CBCT liver volume was determined by use of all available CBCT scans (1-6 per patient).
Abbreviations: CBCT = cone beam computed tomography; CT, computed tomography; LR = left-right; AP = anterior-posterior; SI = superiorinferior.
* Including outlier.
Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 July 1. Table 3 Magnitude and direction of interfraction liver shape (95th percentile) changes for all patients and resultant GTV COM displacements after rigid liver-toliver registration described as absolute and non-absolute minimum, maximum, median, mean, and standard deviation of means in left-right (LR), anterior-posterior (AP), superior-inferior (SI), and vector directions 
